Lipids are major structural components of biomembranes. Negatively charged species such as phosphatidylinositol, phosphatidylserine, sulfatides, and the zwitterionic phosphatidylethanolamines are major components of the cytoplasmic surface of the cellular membrane lipid bilayer and play a key role in several receptors signaling functions. Lipids are not just involved in metabolic and neurological diseases; negatively charged lipids in particular play crucial roles in physiological events such as signal transduction, receptors, and enzymatic activation, as well as storage and release of therapeutic drugs and toxic chemicals in the body. Due to the importance of their role in signaling, the field of lipidomics has rapidly expanded in recent years. In the present study, direct probing of tissue slices with negative ion mode matrix assisted laser desorption/ionization mass spectrometry was employed to profile the distribution of lipids in the brain. In total, 32 lipid species consisting of phosphatidylethanolamines, phosphatidylglycerol, phosphatidylinositols, phosphatidylserines, and sulfatides were assigned. To confirm the structure of lipid species, MALDI-MS/MS analysis was conducted. Product-ion spectra obtained in negative ion mode allow for the assignment of the head groups and the fatty acid chains for the lipid species. (J Am Soc Mass Spectrom 2007, 18, 17-26) 
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Traditional methods for the analysis of lipids in tissue by mass spectrometry involve tissue homogenization and extraction with possible purification before mass analysis [10] . Matrix-assisted laser desorption/ ionization (MALDI) mass spectrometry has become a useful technique for the direct analysis of large biomol-ecules, peptides, and proteins from tissue [11] [12] [13] . Direct tissue analysis using MALDI produces mass spectral profiles, which can be employed to map the location of molecules in tissue. In this technique, matrix is deposited directly onto a tissue section and then massanalyzed, eliminating the time-consuming extraction step in traditional methods for tissue analysis. Furthermore, by eliminating the need for tissue homogenization and analyte extraction, direct tissue analysis by MALDI improves spatial resolution and reduces sample consumption compared with traditional methods.
Recently, several studies [14 -18] have been conducted using MALDI-MS to profile lipids, in particular phospholipids, directly from tissue. MALDI time-offlight mass spectrometry (TOFMS) has been employed to analyze phospholipids in thin sections of lens [14] , leg muscle [15] , and brain tissue [16, 17] . In most of these studies, analysis was conducted in positive ion mode and focused on the profiling of PC and SM species. However, the use of negative ion mode has been used to profile PI, ST, and ganglioside species in brain tissue sections [17] . MALDI Fourier transform mass spectrometry (FTMS) has also been used to characterize phospholipids in mammalian tissue [18] . To gain more structural information, tandem mass spectrometry has been utilized for the direct analysis of PC species in tissue. In one study, a MALDI-TOF/TOF mass spectrometer was employed for the in situ structural characterization of PCs in brain tissue [19] . In this work, protonated, sodiated, potassiated, and lithiated PC species were analyzed by tandem MS and yielded fragment peaks corresponding to the phosphocholine head group. However, only lithiated PC species yielded fragment peaks permitting the identification of acyl substituents. Another study employed a MALDI linear ion trap mass spectrometer for the direct analysis of PC species in spinal cord and MS n analysis yielded fragments corresponding to the phosphocholine head group [20] .
In the present work, direct tissue analysis of glycerophospholipids and sulfatides in rat brain tissue was performed using a MALDI-TOF/TOF mass spectrometer. To cancel the innate advantage that PC and SM species have in positive ion mode due to the presence of a quarternary amine, analysis was conducted in negative ion mode. Tandem MS analysis of PE, PS, PI species produced fragment peaks, which allowed for the assignment of head groups specific for each lipid class and acyl/alkenyl groups for individual lipid species. Product-ion spectra of PE species permitted the assignment of both diacyl and plasmalogen species. Tandem MS analysis of ST species yielded fragment peaks corresponding to the ST head group and for hydroxyl ST species a fragment peak, permitting the assignment of the acyl group was also recorded.
Methods

Mass Spectrometer
A MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied Biosystems, Framingham, MA) with a Nd:YAG laser (355 nm) at a repetition rate of 200 Hz was used in this study for both MS and MS/MS analysis in negative ion mode as previously described [21] . For MS analysis, mass spectra were acquired in reflectron mode and were the sum of 400 laser shots. For MS/MS analysis, mass spectra were the sum of 1000 laser shots and a collision energy of 1 keV with air as the collision gas was used to induce fragmentation. The following lipid standards: brain phosphatidylethanolamines (99%, porcine, Avanti Polar Lipids, Alabaster, AL), phosphatidylserines (99%, porcine, Avanti Polar Lipids), cerebroside sulfatides (99%, porcine, Avanti Polar Lipids), and polar lipid extract (porcine, Avanti Polar Lipids) were used to calibrate the mass spectrometer.
Tissue Sectioning
All the animal use and handling in this work abides by the Guide for the Care and Use of Laboratory Animals (NIH). Male Sprague-Dawley rats (300 -420 ϫ g Harlan Industries, Indianapolis, IN) were euthanized by an intraperitoneal injection of sodium pentobarbital (Ͼ65 mg/kg). The brains were immediately frozen in dry ice-chilled isopentane for 15 s and stored at Ϫ80 ϪC. Brain tissue was cut into thin sections (14 m thickness) in a cryostat (CM 3050 S; Leica Microsystems Nussloch GmbH, Nussloch, Germany). Serial brain sections were alternately placed onto a MALDI sample target and poly-L-lysine coated microscopic slide. The tissue sections on the microscopic slides were stained with cresyl violet and a Rat Brain Atlas [22] was used for the assignment of the brain region analyzed by mass spectrometry.
Sample Preparation
The MALDI matrix used in this study was 2,6dihydroxyacetophenone, DHA, (Fluka, Buchs, Switzerland). In a previous study, DHA was used at a concentration of 10 mg/mL [17] . However, due to the sublimation of DHA under high vacuum, in this study DHA was prepared in 50% ethanol at a concentration of 30 mg/mL. In this work, the amount of DHA deposited allowed for the acquisition of data for over 30 min. For tissue analysis, 0.1 L of matrix solution was deposited directly on the section, resulting in a matrix spot size between 800 and 1500 m, and allowed to air-dry before insertion into the mass spectrometer.
Lipid Assignment
In MALDI-TOF mass spectra, PG, PI, and PS species number equal the total length and number of double bonds of both acyl chains, while ST species number corresponds to the length and number of double bonds of the acyl chain attached to the sphingosine base. PE species number equal the total length and number of both radyl chains with a representing 1,2 diacyl species and p representing a 1-O-(1=-alkenyl)-2-acyl (plasmalogen) species. Assignment of phospholipid species based upon product-ion spectra is as follows: PL sn-1 acyl/ alkenyl group/sn-2 acyl group, while assignment of sulfatides species based upon product-ion spectra is as follows. ST dihydroxy long-chain base (dLCB):fatty acid (FA) with a h representing ␣-hydroxyl substituents on the fatty acid chain.
Results and Discussion
Initial experiments were conducted in negative ion mode by MALDI-TOFMS with DHA matrix. Figure 1 illustrates mass spectra of lipid species in the rat brain from the (a) cerebellar cortex (mostly gray matter), (b) cerebellar peduncle (mostly white matter), and (c) cerebral caudate-putamen (mixture of gray/white matter), Table 1 lists mass peak assignments for lipid species from mass spectra of the three regions. In total, 32 species of lipids consisting of 11 PEs, 2 PGs, 2 PIs, 8 PSs, and 9 STs were assigned. However, it should be noted that for some mass peaks more than one lipid species is possible. In these cases, the major lipid specie was determined by MS/MS, which will be discussed below, and are represented in bold text in Table 1 . When compared with our previous work [17] using DHB as a matrix, more classes of phospholipids (PEs and PSs) were observed. However, in agreement with our previous study, similar abundance of ST species in white matter compared to the gray matter region were seen. In one recent study, secondary ion mass spectrometry (SIMS) has been used to map lipids in mouse brain sections in negative ion mode [23] . In the SIMS study, the ion peak [PI 38:4-H] Ϫ was mapped and shown to be predominant in gray matter regions, which is in agreement with the mass spectra illustrated in Figure 1 . Also there is good agreement between the ST species detected by SIMS and the ST species detected by MALDI in Figure 1 . However, the mapping of ST species by SIMS recorded higher abundance of ST species in gray matter as compared to white matter, which is in con- trast to the results in this study. This contrasting result may be attributed to the inherent difference between ionization by MALDI and SIMS. Another possible explanation is that in MALDI addition of the matrix solution which contains ethanol to the tissue section might cause extraction of some of the lipids located beneath the surface of the tissue while SIMS is mainly detecting the lipids on the surface of the tissue sections. Comparing mass spectra of gray ( Figure 1a ) and white matter (Figure 1b ), PE species show a higher relative abundance of plasmalogen species in white than in gray matter. This is in agreement with previous studies, which have shown that PE plasmalogen species are concentrated in myelin and white matter regions of the brain [24 -26] . Furthermore, in a previous study using ESI-MS to analyze PE species in extracts of human brain gray and white matter [26] , the dominant mass peaks detected in gray matter were PE 40:6a, PE 40:6p, and PE 38:4p while in white matter the major mass peak recorded was PE 36:2p. Additionally, tandem MS analysis of PE species illustrated that in white matter the acyl group at the sn-2 position is mostly monounsaturated while in gray matter the acyl group at the sn-2 position is mostly polyunsaturated. Both of these results are similar to the data obtained in this work for rat brain gray and white matter regions. In Figure  1a (a gray matter region) the two most abundant PE species are PE 40:6a and PE 40:6p while in Figure 1b (a white matter region) the two most abundant PE species are PE 36:2p and PE 36:1p. Tandem MS results discussed below and listed in Table 2 showed that the acyl group at the sn-2 position in PE 40:6a and PE 40:6p is 22:6 (polyunsaturated) while the acyl group at the sn-2 position in PE 36:2p and PE 36:1p is 18:1 (monounsaturated).
Phosphatidylethanolamines are one of the most abundant glycerophospholipid classes in the brain. In addition to the basic diacyl species of glycerophospholipids, in which two acyl groups are attached to the sn-1 and sn-2 position of the glycerol backbone, PE also contains plasmalogen species, in which a vinyl ether group instead of an acyl group is attached to the sn-1 position. Plasmalogen species are a major constituent of brain PE, accounting for ϳ60% of PE in the human adult brain [1] . Figure 2a illustrates product-ion spectra of PE 40:6a-H from the cerebellar cortex in negative ion mode with DHA matrix. Structural information enabling the identification and positional assignment of the acyl groups in the PE species is provided by the mass peaks at 524, 506, 480, 462, 327, 283 Da. These mass peaks are attributed to the loss of the acyl group at sn-1 as a ketene, the loss of the acyl group at sn-1, the loss of the acyl group at sn-2 as a ketene, the loss of the acyl group at sn-2, docosahexaenate (22:6) anion, and stearate (18:0) anion and are assigned as follows: 524 [M-H- Figure 2a , the PE specie was assigned as PE 18:0a/22:6. The positional assignments of acyl groups accordingly as sn-1 or sn-2 substituent is based upon previous fragmentation studies [27] [28] [29] of PE diacyl species, in which the R 2 CO 2 Ϫ ion is more abundant than the R 1 CO 2 Ϫ ion and the abundance of ions corresponding to the loss of the sn-2 substituent is greater than the abundance of ions reflecting the loss of the sn-1 substituent. Figure 2b illustrates a product-ion spectrum of PE 40:6p-H from the cerebellar cortex in negative ion mode with DHA matrix. In Figure 2b Figure 2b , the PE specie was assigned as PE 18:0p/ 22:6. Previous fragmentation studies of PE plasmalogen species, have produced similar results in which little to no fragmentation occurs at the vinylOether bond at the sn-1 position [27, 28] . Figure 2c shows a product-ion spectrum of PE 34: 1a-H from the cerebral caudate-putamen in negative ion mode with DHA matrix. Two fragment peaks, corresponding to the acyl groups, are observed and are assigned as follows: 281 oleate (18:1) Figure 2c , the PE specie was assigned as PE 16:0a/18:1. The mass spectrum in Figure 2c is representative of the less abundant PE species analyzed in this study, in which fragment peaks representing the loss of one of the acyl groups from the molecular ion were not abundant enough to be detected above background noise. In total 11 species of PE (6 diacyl and 5 plasmalogen) were structurally assigned by in situ tissue analysis and are listed in Table 2 .
Phosphatidylinositols are a class of acidic glycerophospholipids that are significant as intra-cellular messengers in organisms. Figure 3 contains product-ion spectra of (a) PI 38:4-H and (b) PI 36:4-H from the cerebellar cortex in negative ion mode with DHA ma- Figure 3a and 3b, along with the mass peaks at m/z 259 (inositolphosphate) and 223 (inositolphosphate-2H 2 O) in Figure 3a confirm the presence of the inositol polar head group. Previous fragmentation studies using fast atom bombardment (FAB) [30] , MALDI [31] , and electrospray ionization (ESI) [32] have yielded similar peaks for PI species. Additionally, the carboxylate anions of the acyl groups for each specie was recorded at the following m/z in Figure 3 Figure 4a , mass peaks at m/z 463 and 437 were attributed to the loss of the serine head group and the acyl group at sn-1 and the loss of the serine head group and the acyl group at sn-2 as a ketene. Based upon the product-ion spectra, PS species were assigned as follows in Figure 4 : (a) 18:0-22:6 PS, (b) 18:0-20:1 PS, and (c) 18:0-18:1 PS. Similar fragmentation patterns of PS species have been reported by FAB [33] and ESI [34] . The positional assignments of acyl groups accordingly as sn-1 or sn-2 substituent is based upon a previous fragmentation study, in which the R 1 CO 2 Ϫ ion is more abundant than the R 2 CO 2 Ϫ ion and the abundance of ions corresponding to the loss of the sn-2 substituent is greater than the abundance of ions reflecting the loss of the sn-1 substituent [34] . A total of 6 PS species were structurally assigned by direct tissue analysis and are listed in Table 2 .
Sulfatides are a class of sphingolipids with an additional sulfate group at the 3= position of the galactose moiety in galactocerebroside and are major components of myelin. Figure 5 contains product-ion spectra of (a) ST 24:0 (OH)-H and (b) ST 24:0-H from the cerebellar peduncle in negative ion mode with DHA matrix. The presence of both HSO 4 Ϫ (97 Da) and SO 3 Ϫ (80 Da) in product-ion spectra in Figure 5 confirm the assignment of the mass peaks as sulfatides and was observed for every ST specie analyzed by MS/MS in Table 2 . A previous FAB-MS study of sulfatides also recorded both fragment ions, HSO 4 Ϫ (97 Da) and SO 3 Ϫ (80 Da), and used them to differentiate sulfatides from phospholipids, which contain the fragment ions at H 2 PO 4 Ϫ (97 Da) and PO 3 Ϫ (79 Da) [35] . Additional product-ions at 398 (C 13 H 20 NO 10 S), 300 (C 8 H 14 NO 9 S), 257 (dehydrogenated galactose-sulfate, C 6 H 9 O 9 S), and 241 Da (dehydrated galactose-sulfate, C 6 H 9 O 8 S), which further identify the ST head group, are also observed in both mass spectra in Figure 5 . The only major difference in the production spectra in Figure 5 is the mass peak at m/z 540 observed for ST 24:0 (OH). This peak corresponds to the loss of the acyl chain in ST 24:0 (OH) and allows for the assignment of the ST specie in Figure 5a as d18:1/h24:1. This result was observed for all ST species with a hydroxyl fatty acyl group and permitted their structural assignment listed in Table 2 . For ST species without a hydroxyl group on their fatty acyl chain no mass peaks corresponding to chain length were observed. Thus for these species product-ion spectra only provided the identification of these species as sulfatides. Similar results for hydroxyl and non-hydroxyl ST species have been observed with FAB [35] and ESI [36 -38] .
One drawback for in situ tissue analysis of lipids is the complex product-ion spectra generated when more than one lipid species is present in significant amounts in the mass selection range. A good example of this is the PE 38:6a and PS 34:0 species. As listed in Table 1 , the theoretical monoisotopic masses for the [M-H] Ϫ mass peak of these species are as follows: PE 38:6a (762.51 Da) and PS 34:0 (762.53 Da). With our current experimental conditions, we are able to get mass resolution greater than 8000 for the lipid species assigned in Figure 1 .
However, this is inadequate for differentiating between the two species. Figure 6 illustrates a product-ion spectrum of the mass peak at m/z 762.5 from the cerebellar cortex in negative ion mode with DHA matrix. Several significant fragment peaks associated with both PE 38:6a and PS 34:0 were observed and are listed in Figure 4 . Product-ion spectra of (a) PS 40:6-H mass peak, (b) PS 38:1-H mass peak, and (c) PS 36:1-H mass peak.
R 2 CO 2
Ϫ ion being more abundant than the R 1 CO 2 Ϫ ion and the abundance of ions corresponding to the loss of the sn-2 substituent being greater than the abundance of ions reflecting the loss of the sn-1 substituent, while the acyl groups in PS species were assigned based upon the observations of the R 1 CO 2 Ϫ ion being more abundant than the R 2 CO 2 Ϫ ion and the abundance of ions corresponding to the loss of the sn-2 substituent being greater than the abundance of ions reflecting the loss of the sn-1 substituent. The mass peaks attributed to PE 38:6a agree with this fragmentation pattern and lead to the assignment of the specie as PE 16:0a/22:6. However, the mass peaks corresponding to PS 34:0 correlate to two different assignments. Based upon the abundance of the carboxylate anions the assignment would be PS 16:0/18:0, while based upon the abundance of ions reflecting the loss of the sn-2 substituent the assignment would be PS 18:0/16:0. The contradiction is most likely attributable to PE 38:6a also producing a fragment peak at 255 Da thus making it greater than the mass peak at 283 Da which is only attributed to PS 34:0. Thus the most reasonable assignment of PS 34:0 should be PS 18:0/16:0. Further complicating this product-ion spectrum is the mass peak at m/z 303, which is assigned as the carboxylate anion, [C 20 H 31 O 2 ] Ϫ . This peak does not correspond to either PE 38:6a or PS 34:0 and is probably due to interference from PE 38a:4 in the mass selection range. Because of this complex product-ion spectrum, we are only able to tentatively assign the acyl group positions for PE 38:6a and PS 34:0.
Conclusions
In this study, a method for the in situ detection and structural characterization of glycerophospholipids (PE, PI, PS) and sulfatide species in brain tissue was developed using a MALDI-TOF/TOF mass spectrometer. Tandem MS analysis in negative ion mode yielded product-ion spectra that allowed for the identification of the lipid class head group and in most cases allowed for the identification and positional assignment of acyl/alkenyl groups. Future studies will focus on improving the fragmentation of lipid species through the use of alkaline adducts or different collision gases to yield more structural information particularly for non-hydroxyl ST species.
